Supercontinuum pulses covering the range from 1100 to 1700 nm with energies >1.0 mJ and excellent beam quality are generated via nonlinear spectral broadening of Cr:forsterite (1240 nm, 110 fs) pulses in pressurized molecular nitrogen. Our spectra, which extend over more than half an octave, offer an attractive alternative to intense few-cycle pulse synthesis in the 1-2 μm range and lend themselves as an important add-on Nonlinear spectral broadening of intense lasers in gaseous media to octave or superoctave bandwidths, has been a key to generating powerful few-cycle or subcycle light pulses [1, 2] spanning the visible, the near infrared, and the deep ultraviolet regions of the electromagnetic spectrum. Such pulses have offered a great range of possibilities for controlling atomic and molecular phenomena [3] [4] [5] on an ultrafast time scale and lend themselves as important tools for the development of coherent EUV or soft x-rays attosecond sources [6, 7] . While Ti:sapphire lasers still dominate ultrafast optical technologies, much effort is currently focused on extending few-cycle sources to longer wavelengths, toward the 1-2 μm range and beyond, as a part of the quest for efficient synthesizers of atto-and zeptosecond pulses [8] and new technologies for standoff detection [9, 10] . So far, the progress in this direction has been possible due to optical parametric amplification with a solid-state laser as a front end [11] . Here, we present an alternative and in many respects, attractive approach for efficient generation of millijoule-scale supercontinuum pulses in the 1-2 μm spectral range, compressible to few-cycle pulse duration. This approach is based on the spectral broadening of Cr: forsterite laser pulses in pressurized molecular gases. Cr: forsterite lasers are capable of routinely delivering sub-30 fs light pulses centered at 1.25 μm right at the output of a mode-locked master oscillator [12, 13] . Cr:forsterite amplification technologies allow millijoule-level radiation energies to be achieved in sub-100 fs pulse widths [14] .
Nonlinear spectral broadening of intense lasers in gaseous media to octave or superoctave bandwidths, has been a key to generating powerful few-cycle or subcycle light pulses [1, 2] spanning the visible, the near infrared, and the deep ultraviolet regions of the electromagnetic spectrum. Such pulses have offered a great range of possibilities for controlling atomic and molecular phenomena [3] [4] [5] on an ultrafast time scale and lend themselves as important tools for the development of coherent EUV or soft x-rays attosecond sources [6, 7] .
While Ti:sapphire lasers still dominate ultrafast optical technologies, much effort is currently focused on extending few-cycle sources to longer wavelengths, toward the 1-2 μm range and beyond, as a part of the quest for efficient synthesizers of atto-and zeptosecond pulses [8] and new technologies for standoff detection [9, 10] . So far, the progress in this direction has been possible due to optical parametric amplification with a solid-state laser as a front end [11] . Here, we present an alternative and in many respects, attractive approach for efficient generation of millijoule-scale supercontinuum pulses in the 1-2 μm spectral range, compressible to few-cycle pulse duration. This approach is based on the spectral broadening of Cr: forsterite laser pulses in pressurized molecular gases. Cr: forsterite lasers are capable of routinely delivering sub-30 fs light pulses centered at 1.25 μm right at the output of a mode-locked master oscillator [12, 13] . Cr:forsterite amplification technologies allow millijoule-level radiation energies to be achieved in sub-100 fs pulse widths [14] .
The methodology of Cr:forsterite-laser-based supercontinuum generation demonstrated in this work combines the enhanced nonlinearity of pressurized gasses [7, 15] , Raman scattering by molecular modulators [16] [17] [18] [19] , and the advantageous spectral centering of Cr: forsterite laser radiation allowing millijoule-level supercontinuum pulses with spectra spanning from 1.1 to 1.7 μm to be generated with an excellent beam quality.
Numerical simulations based on the generalized Schrödinger equation shed light on the underlying pulse propagation dynamics, by reproducing key trends of our experimental data and suggesting temporal compressibility of the emerging supercontinua to few-cycle pulse widths.
Our laser system consists of a femtosecond oscillator, a regenerative, and two multipass amplification stages, and it delivers pulses with energy up to 4 mJ with a duration of ∼110 fs at a repetition rate of 50 Hz. The pulse broadening unit is comprised of a pressurized (1-70 bar) nitrogen gas cell similar to the one introduced in Ref. [20] . The front and output fused-silica windows had a thickness of ∼2 mm. The laser beam, the diameter of which was adjusted by an aperture placed before the pressurized unit, was focused around the center of the ∼34 cm long cell by a thin lens (f 30 cm). The distance of the lens from the entrance window was chosen to minimize nonlinear pulse broadening of the input beam. The nonlinearly transformed beam was monitored at the exit of the gas cell by NIR CCD camera, which sampled the beam profile (Xenics Xeva-1.7-320), and a NIR spectrometer (Ocean Optics NIR-512) operating both in the spectral range of 0.9-1.7 μm. Synchronized acquisition of camera and spectrometer to the laser source enabled capturing beam profiles and nonlinear spectra in the single shot regime. In order to explore conditions of optimal spectral broadening, we experimentally studied the nonlinear propagation of our pulse in the gas cell, as a function of various parameters, such as the input energy (controlled by an aperture), and the N 2 pressure. As we were primarily interested in supercontinuum pulses with a good beam quality suitable for practical applications, we have focused our study on identifying conditions for which single filament generation is attained in the cell.
In a first set of experiments, we fixed the pressure of N 2 in the cell to the maximum value attainable with our setup (∼70 bar), and studied the dependence of the spectral width, energy, and profile of the transmitted beam on the variation of the energy of the input pulses. Figure 1 summarizes results of this study. A highly asymmetric spectral broadening, manifested by a wide spectral lobe at wavelengths longer in comparison to the original spectrum, occurred at input energies of ∼0.5 mJ (red/dash line) and extended to longer wavelengths as the energy increased. Intensity-uniform (within 10 dB) spectra were attained for an input energy of 1.2 mJ (blue line) and extended from 1.1 to 1.6 μm, suggesting an efficient underlying broadening mechanism. The smooth beam profile sampled for that input pulse energy setting (inset) attests to this conclusion. For E > 1.2 mJ, the beam quality quickly deteriorated, suggesting the onset of multiple filamentation. This deterioration of the beam quality (Fig. 1 , red/dash and blue line) was also accompanied by a corresponding drop of the energy transmitted through the gas cell, as well as a narrowing of the supercontinuum spectra in relation to E ∼ 1.2 mJ.
As a next step in our study, we explored the dependence of the properties of the emerging supercontinuum pulses on the gas pressure by keeping the input pulse energy constant. The study was performed for all input energy settings shown in Fig. 1 . Here, we present data for E 1.2 mJ, i.e., the energy setting for which best combination of broad bandwidth, beam quality, and output energy were achieved. Figure 2 shows spectra and beam profile dependence on the increase of the N 2 pressure. Maximum spectral width was attained at 70 bar, giving rise to supercontinuum pulses spectrally covering the range from 1.1 to 1.7 μm with energy of >1 mJ and excellent beam profile. The red-side extension of the spectra in comparison to the broadest spectra of the energy dependence (Fig. 1) was achieved by optimization of the input linear chirp of the pulses. The length of the compressor arm after the amplification process was adjusted in order to induce the maximum output bandwidth in conditions of the optimal pulse energy (1.2 mJ).
To gain insight into the physics underlying the broadening of Cr:forsterite laser in pressurized N 2 , we performed numerical simulation of the nonlinear broadening under conditions of our experiments. In numerical simulations, we use a model [15, 21, 22] based on the field evolution equation that includes the key physical effects, such as dispersion of the medium, beam diffraction, optical nonlinearities due to the cubic and higherorder susceptibilities of a gas medium, ionizationinduced nonlinearities, pulse self-steepening, spatial self-action phenomena, as well as plasma loss, refraction, and dispersion. This equation is solved jointly with the equation for the electron density, where the photoionization rate W is calculated using the Popov-PerelomovTerentyev version of the Keldysh formalism [21] [22] [23] . Parameters of the laser field and gas medium used in simulations are chosen in such a way as to model our experiments presented below. Calculations were performed with a standard set of parameters defining the ultrafast nonlinear response of high-pressure nitrogen with: Kerr nonlinearity coefficients n 2 ≈ 1.5 × 10 −19 p∕p 0 cm 2 ∕W and n 4 ≈ −2 × 10 −33 p∕p 0 cm 4 ∕W 2 (p is the gas pressure and p 0 is the atmospheric pressure), ionization potential U 0 ≈ 15.6 eV, neutral gas density ρ 0 ≈ 2.7× 10 19 p∕p 0 cm −3 , and a standard damped-oscillator Raman response function for molecular nitrogen.
The supercontinuum spectra calculated with the use of our model (Fig. 3) agree well with experimental results, allowing us to identify the key physical processes and scenarios whereby Cr:forsterite laser pulses generate supercontinuum in a high-pressure molecular gas. The laser beam focused into a high-pressure gas cell filled with molecular nitrogen at p 70 bar induces a filament where the FWHM beam diameter remains almost constant, d f ≈ 100 μm, within a total length of 12 cm inside. Filamentation of the laser beam maintains high field intensity over a large propagation length, enhancing the nonlinear transformation of the laser field. Supercontinuum generation, the most dramatic manifestation of enhanced nonlinear-optical processes in our experiments, is dominated by self-phase modulation due to the instantaneous (on the considered time scale) and inertial third-order nonlinearities, conventionally referred to as the Kerr and Raman parts of optical nonlinearity. The inertia of the third-order nonlinear response, i.e., the Raman effect, enhances the red wing of the supercontinuum, giving rise to asymmetric spectra and asymmetric profiles of the spectral phase at the output of the filament. This asymmetry is enhanced by ionization and self-steepening, which give rise to spectral blue shifting [15, 21, 22] .
With the predictive power of our model confirmed by the agreement between simulations and experimental spectra, we are in a position to comment on the timedomain dynamics of the optical field waveform in the filament, although temporal pulse characterization was not performed at this stage. The supercontinuum pulse at the output of the gas cell has an FWHM pulse width close to the input pulse width. The spectral phase of this pulse is shown in Fig. 3 along with its second-and fourthorder polynomial fits, φ M ω P M k2 α j ω − ω 0 k , where ω 0 is the central frequency and M 2 and 4 for the second-and fourth-order polynomial fits, respectively. The pulse width of a transform-limited pulse supported by the entire supercontinuum spectrum produced in the filament is about 6 fs, which is less than 1.5 cycles for the central wavelength of our supercontinuum field, λ sc ≈ 1.36 μm. Compensation of the quadratic phase φ 2 of the supercontinuum output only with α 2 ≈ 130 fs 2 (red line in Fig. 3 ) yields a pulse with an FWHM pulse width τ FWHM ≈ 13 fs. A more accurate, fourth-order phase compensation with α 2 ≈ −350 fs 2 , α 3 ≈ 90 fs 3 , and α 4 ≈ 730 fs 4 (purple/dot line in Fig. 3 ), which can be implemented using properly designed state-of-the-art chirped mirrors [24] , gives a 2.2-cycle pulse with τ FWHM ≈ 10 fs (blue line in Fig. 4) containing 42% of the input pulse energy. This pulse is preceded by a weak prepulse, which contains less than 6% of the input pulse energy, indicating a remarkably high throughput of pulse compression.
The results presented above highlight the potential of filamentation scenarios for a high-compression-ratio compression of amplified Cr:forsterite laser pulses to few-cycle pulse widths with an extraordinarily high throughput from the input pulse to the compressed waveform. Pulses that can be produced with the use of this approach are almost an order of magnitude shorter than the pulses attainable with the state-of-theart Cr:forsterite amplifiers, opening a route toward a further integration of Cr:forsterite laser technology into the arsenal of ultrafast optical science. The maximum spectral bandwidths achieved in our experiments are typical of supercontinua generated in the filamentation regime, as reported in an extensive literature on filamentation induced by Ti: sapphire laser pulses (see, e.g., Refs. [21] and [22] for review). However, due to the λ 2 scaling of the critical power of self-focusing with the central wavelength of the driver λ, the maximum energy of supercontinuum attainable in a single Cr:forsterite-laserinduced filament with the beam still remaining stable against multiple filamentation is more than two times higher than the typical maximum energy of supercontinuum per single filament induced by Ti:sapphire laser pulses. With highly nonlinear fibers, on the other hand, the mode-locked Cr:forsterite laser output can be transformed into much broader, multioctave supercontinua [25] . However, the energy of such multioctave supercontinua is orders of magnitude lower than the energy of supercontinuum radiation in filamentation experiments presented in this work.
In conclusion we demonstrated supercontinuum generation using amplified Cr:forsterite laser pulses, yielding millijoule-level pulses with spectra spanning from 1.1 to 1.7 μm and an excellent beam quality. Such a supercontinuum source offers an important add-on to the available Cr:forsterite laser technologies [12] [13] [14] and bridges the gap between near-IR supercontinuum sources driven by standard Ti:sapphire lasers [21, 22] and mid-IR supercontinua produced by high-power optical parametric chirped-pulse amplifiers using ytterbium lasers as a front end [26, 27] . For many strongly scattering biological tissues, including brain, penetration depths provided by light pulses in the 1.1-1.7-μm range are larger than the penetration depths attainable with 800 nm Ti:sapphire laser pulses [28, 29] . This suggests new approaches Fig. 3 . Numerical modeling of supercontinuum generation in a filament induced by Cr:forsterite laser pulses with parameters as specified in the text: (green line) the spectrum and (blue line) the spectral phase of the supercontinuum output along with the (red/dash line) second-order and (purple/dot line) fourth-order polynomial fits of the spectral phase. Fig. 4 . Numerical modeling of pulse compression of the supercontinuum output: (black/dot line) the input pulse and (blue line) the supercontinuum output with the fourth-order phase φ4 (purple/dot line in Fig. 3 ) compensated. The red/dash line shows the residual phase of the compressed pulse following φ4 compensation.
for bioimaging [30] and neurophotonics [28, 31] . Since most of the technologically significant semiconductor materials are strongly absorptive within the spectral range covered by Ti:sapphire lasers, but become transparent within the 1.1-1.7-μm range, filamentationassisted compression of the supercontinua driven by Cr:forsterite lasers to few-cycle pulse widths could provide a unique tool for time-resolved studies of ultrafast processes in a broad class of semiconductors [14] and enable online diagnostics of electric currents in silicon integrated circuits [32] .
